Abstract-Friction between chemically-modi ed tips and surfaces has been studied with chemical force microscopy (CFM) to evaluate the effect of changing solid/ liquid free energy on energy dissipation in sliding tip-surface contact. Well-controlled conditions were necessary to attain a single asperity contact in these experiments. We found that in a series of methanol-water mixtures the interfacial shear strength between CH 3 -terminated surfaces of the siloxane self-assembledmonolayers (SAMs) was independent of the adhesion force. The shear strength value of 10:2 § 1:0 MPa found for this interface under methanol-water media is consistent with the previous studies of similar systems under dry gas conditions. A comparison to available data on interfacial shear strengths demonstrated that siloxane monolayers were much more effective in reducing friction than various carbon coatings.
INTRODUCTION
Friction at a molecular level has been studied in considerable detail in recent years [1 -7] owing to signi cant improvements in instrumentation, force probe calibration and characterization [8 -11] , and control of the chemical terminal functionality [12] at the sheared interface. The relationships between frictional energy dissipation, interfacial intermolecular interactions and applied load have been studied most successfully with point contact experiments using scanning or interfacial force microscopes. In developing fundamental understanding of these relationships, an important role was played by the model systems based on the self-assembled monolayers (SAMs) chemically anchored to a supporting substrate. The friction performance of the SAM system is also of signi cant technological interest for reducing friction in the silicon based microelectromechanical devices [13, 14] .
Because of the importance of mapping surface interactions in a variety of problems, the concept of chemical force microscopy (CFM) has been introduced [15] that exploits speci cally functionalized force probes to study intermolecular interactions on a nanometer scale. This approach provides a reproducible way to control the chemical identity and surface energy of the probe by covalently linking a self-assembled monolayer terminating in a distinct functional group to the tip surface. Chemical modi cation of the scanning probe microscope (SPM) tips eliminates uncertainties in terminal functionality associated with using unmodi ed and often contaminated microfabricated tips and allows one to study interactions between chosen distinct pairs of organic functional groups. The exibility in varying the tip chemistry combined with the sensitivity and resolving power of the SPM yields a technique capable of studying intermolecular interactions on a nanometer scale [12] and, speci cally, allows one to characterize the effect of the surface chemistry on the interfacial shear strength.
Under ambient conditions, it is dif cult to distinguish true chemical contributions to friction from other factors, mostly because a large magnitude of the capillary adhesion can produce normal loads drastically higher than the externally applied loads or contributions of the surface forces [16] . Due to the capillary condensation in air of nite relative humidity, SPM measurements of the interfacial strength between the same tip and thin lm (amorphous carbon or diamond) sample pairs showed an increase by a factor of 2-3 as compared to the dry inert atmosphere, although the reasons for the increase were not clearly understood [5] . This capillary effect can be eliminated by performing measurements in either liquids or ultrahigh vacuum. Force measurements between organic functional groups have been typically performed under liquid media [12] , whereas ultrahigh vacuum or dry inert atmosphere studies focused predominantly on clean silicon or metallic probes and inorganic substrates [2 -5, 17] .
Friction forces between tips and samples modi ed with different functional groups have been measured in ethanol [18] , water and dry argon [19] as a function of the external load. In these measurements, the friction forces were found to increase linearly with the applied load. At a xed loading, the absolute friction force decreased as COOH/COOH > CH 3 /CH 3 > COOH/CH 3 [18, 19] . The trend in the magnitude of the friction forces and friction coef cients was the same as that observed for the adhesion forces: COOH/COOH-terminated tips and samples yielded large friction and adhesion forces, while the COOH /CH 3 combination displayed the lowest friction and adhesion. Similarly, in aqueous solutions [20] the adhesion and friction forces followed the parallel trends for hydrophilic functional group pairs: COOH/COOH > COOH/OH > OH /OH > COO ¡ /OH > COO ¡ /COO ¡ . Thus, there appeared to be a direct correlation between the friction and adhesion forces measured between well-de ned SAM surfaces. Surface force apparatus (SFA) studies of structurally similar layers also show that the friction force correlates with the force of adhesion [21] . In contrast, a better correlation with adhesion hysteresis and not the adhesion force was found in SFA studies of dissimilar phases (i.e. crystalline, amorphous and liquid-like) of different hydrocarbon surfactants [22] [23] [24] [25] . For similar functional groups, the friction was also found to be strongly affected by the structural characteristics of the monolayer, and dependence of friction forces on the chain length has been reported [26] . Recently, we have demonstrated [27] that solvation energy is an important factor in determining adhesion between organic groups in liquids and can change by more than an order of magnitude even for the same tip -sample pair if the strength of liquid -liquid interactions is varied.
In this paper, we investigated the effect of the medium on friction forces between chemically modi ed tips and samples. We found that the interfacial shear strength for CH 3 -terminated surfaces was independent of the overall adhesion force (surface free energy) when adhesion level changed due to the variations in the liquid medium. This behavior clearly indicates that the liquid is excluded from the tip -sample contact zone in the AFM experiments. We also clarify the origin of the correlation between adhesion and friction forces: higher adhesion forces lead to increase in tip -sample contact area and thus to higher friction force.
EXPERIMENTAL SECTION

Sample and tip preparation
Preparation of substrates and AFM probes for chemical modi cation with SAMs involves either (1) coating the surfaces of the tips or Si substrates with a layer of gold for modi cation with thiol SAMs, or (2) oxidative cleaning of the Si substrates and silicon nitride tips for subsequent modi cation with silanes. Au coating was accomplished using conventional e-beam deposition technique: substrates (Si(100) wafers, Silicon Sense, Nashua, NH, USA; test grade, 500 ¹m thick) and commercial silicon nitride tip-cantilever assemblies (Digital Instruments, Santa Barbara, CA, USA) were coated (base pressure 10 ¡7 torr) with a 5-nm adhesion layer of Cr followed by 100 nm of Au at the rate of 0.1 nm/s. For deposition at room temperature, the typical grain size of the resulting Au(111) surface was between 50 and 150 nm.
Hexadecanethiol (Aldrich, Milwaukee, WI, USA) and octadecyltrichlorosilane (OTS, Aldrich) were puri ed by vacuum distillation. Thiolate monolayers were formed by immersion of the freshly Au-coated substrates and Au-or Ag-coated probe tips in 2-3 mM ethanol solution of thiol for at least 2 h immediately after metal deposition. 
Friction measurements
Adhesion and friction-force measurements in liquid media were made with a Nanoscope III Multi-Mode scanning force microscope (Digital Instruments) equipped with a uid cell. With the scanning force microscope, the adhesion interaction between different functional groups is determined from force versus sample displacement (F -D) curves. In these measurements, the de ection of the cantilever is recorded during the sample approach-withdrawal cycle. The observed cantilever de ection is converted into a force using the cantilever spring constant. The pull-off force determined from the jump in the retracting part of the cycle corresponds to the adhesion between functional groups on the tip and sample surface.
The lateral (friction) force was measured by recording traces of cantilever lateral de ection ('friction loops') while the sample was rastered back and forth using the piezoscanner. Friction force values were determined from lateral force traces, each containing 512 data points, by averaging the differences in friction forces observed when scanning over a 10-¹m distance in opposite directions at 80 ¹m / s. The resulting lateral de ection traces were converted into forces using the lateral spring constant for the AFM tip. The externally applied load was controlled independently through the cantilever normal de ection. Friction versus load (F -L) curves were obtained from the data for Au-coated tips and samples. The same procedure was used previously [18, 20] in determining friction forces in terms of friction coef cients for several combinations of the tip -sample functional groups.
Frictional forces as a function of applied load between modi ed tips and samples were also measured using a lock-in detection scheme [28] . Brie y, the sample is scanned slowly in a vertical (z) direction (approx. 5 -10 s per approach-withdrawal cycle, 1z D 100-300 nm) and at the same time rastered laterally in the direction perpendicular to the cantilever symmetry axis (y) at a much higher frequency (3 -5 kHz, 1y D 10-30 nm, i.e. at a tip velocity of 60-300 ¹m / s), but away from the piezotube resonance frequency (determined to be approx. 10 kHz, J scanner). The vertical de ection signal is then recorded as usual, while the lateral signal is fed into a lock-in ampli er (model 124A, EG&G Princeton Applied Research Corporation, Princeton, NJ, USA). The output of the lock-in ampli er is then recorded by the Nanoscope software from auxiliary channel of the AFM controller as the friction signal simultaneously with the cantilever's normal de ection.
Force calibration
Normal sensitivity of the detector was determined from the linear compliance region of F -D curves. For a Digital Instruments Nanoscope III scanning force microscope equipped with a uid cell, the normal sensitivity (in the liquid) was typically around 0.01 and 0.02 V /nm of z axis piezotube displacement for 220 ¹m and 110 ¹m long cantilevers, respectively.
Lateral sensitivity was determined from the static friction portion of the atomic stick -slip friction loops on mica and typically was 0.25-0.35 V / nm of x axis piezotube displacement [29] . However, recent work [7, 30] demonstrated that lateral sensitivities determined in this way were underestimated for soft substrates such as mica, because contact stiffness and even tip apex stiffness of high aspect ratio tips were comparable to the lateral stiffness of the cantilever. This becomes apparent when the lateral sensitivity is determined from stick -slip friction loops taken at different normal loads. The higher external force results in a larger contact area and, hence, the stiffness of the contact increases ( Fig. 1 ). This brings apparent lateral sensitivity closer to its true value. There are several ways to deal with this problem: (1) record friction loops on sloped surfaces with known slope angles (two different slopes on the same substrate are required); (2) use longitudinal stiffness of the cantilever to perform friction measurements -in this case normal sensitivity is used in calculations of friction forces; (3) relate lateral sensitivity to normal sensitivity; or (4) t the lateral detector response at different external forces to available contact mechanics models. We used sensitivity values determined from the atomic stick -slip friction loops and applied the aforementioned methods 3 and 4 to arrive at the actual values of the lateral sensitivity.
Cantilever spring constants were found by the thermal resonance method developed by Hutter and Bechhoefer [10] . Normal spring constant for Au-coated standard 220-¹m-long Si 3 N 4 cantilevers (Nanoprobes, Digital Instruments) determined from the power spectral density spectrum of the thermally excited cantilever motion was 0:11 § 0:01 N /m. Lateral spring constants were calculated based on the relationship between normal and lateral constants. Normal spring constants for OTS modi ed 110-¹m-long Si 3 N 4 cantilevers were 0.2 N /m, with a k lateral =k normal ratio of 502, calculated according to Hazel and Tsukruk [31] .
Tip radius
The tip radii of Si 3 N 4 tips coated with siloxane monolayers were determined by pro ling them over atomically sharp features on the (305) face of SrTiO 3 annealed in O 2 at 1300 ± C [32] . Errors in the values of tip radii determined with this method were on the order of 10-20 nm (approx. 15%), as found from the tting of multiple tip pro les taken at different locations on the surface of the SrTiO 3 sample. 
RESULTS AND DISCUSSION
Friction between methyl terminated thiolate monolayers on Au
Friction forces between chemically modi ed tips and surfaces should be proportional to the number of interacting groups, or area of contact. At the same time, friction force should also be proportional to the strength of the interaction between groups on the tip and sample, or interfacial shear strength. It is important to note that the contact mechanics models used to interpret the adhesion data in experiments with chemically-modi ed tips predicts a non-linear dependence for friction versus applied load when a single spherical tip contacts a planar surface.
Therefore, while characterization of the friction forces between organic surfaces of the SAMs in terms of the friction coef cients is acceptable when experiments are done under similar conditions (i.e. with the tips of comparable radii and similar material properties), a more fundamental quantity, such as interfacial shear strength, should be determined in friction experiments to de-couple the contact area effects and develop a fundamental understanding of the in uence of the surface chemistry on the energy dissipation in friction. We rst consider the possible reasons for the observed linear law in the friction (F) versus applied load (L) data reported in the literature for SAMs on Au systems studied in SPM setting [12, 14] .
In most of our experiments with Au-modi ed tips and samples, the F -L curves were linear, in spite of the fact the adhesion data were consistent with a single asperity treatment within contact mechanics framework: a good correlation was observed between adhesion forces and surface free energy determined from contact angles [27] . In our opinion, the apparent linear form of the F -L curves stems from the averaging of multiple single-asperity contacts occurring when a friction loop is averaged over a path of several ¹m. The typical sizes of the Au grains were 50-200 nm for the Au lms deposited at room temperature on Si substrates. The contributions from the multiple grains and grain boundaries, encountered in succession by the tip, are averaged in the calculation of the friction forces from the friction loops. The friction and topography images of the SAMs on Au were highly correlated. Thus, the substrate presents to a sliding probe a changing effective radius of curvature and a number of the grain boundaries -both causing variations in the friction forces. For small forces in organic media, the friction-force variation can be as high as 30-40% of the absolute average value. The quality and atness of the Au lm were also reported to affect the mean and the width of the distribution in adhesion force measurements [33] .
Despite this averaging effect, the non-linear behavior, however, was detectable at small or tensile loads in the friction loop measurements for systems that exhibited large adhesion, such as hydrophobic SAMs in water. Large forces for relatively blunt tips turned substrate imperfections into secondary effects. Notably, F -L data acquired for CH 3 -terminated SAMs in water (Fig. 2) show a prominent non-linear dependence on applied load. Assuming that the friction force can be expressed as a product of the interfacial shear strength, ¿ 0 , and contact area, ¼ a 2 , the data in Fig. 2 are well-tted to the contact area versus load dependence predicted by the Johnson-Kendall-Roberts (JKR) model: 
where
is the effective elastic constant of the system, L 0 is the pull-off force (in the JKR model L 0 D 3¼ R°for a symmetric contact,°being the surface free energy) and
is the friction force at the external load L D ¡L 0 . These results demonstrate that on the basic level CFM experiments do probe friction arising from interactions within a single-asperity contact. Single-asperity contacts have also been reported for Si 3 N 4 tips on bare [34] and siloxane-coated mica [35] and for monolayers of C 60 on GeSe [36] , for Si tips on NaCl [37] , Pt-coated tips on mica [38, 39] , and many other systems [2 -7] .
However, the substrate roughness was still apparent in this experiment in the large standard deviation of friction forces (10-20%) and a signi cant discrepancy in the pull-off forces determined in the stepwise dynamic (friction loops) and quasi-static (force curves) experiments -adhesion in the latter case being much greater (by almost a factor of 3). These problems led to an ambiguity in the value of the quantity ¿ 0 =K 2=3 found from the t to the contact mechanics model: 10.3 Pa 1=3 , if using apparent parameters (dynamic L 0 / or 4.9 Pa 1=3 , if using values obtained from the adhesion measurements. In addition, F -L data acquisition in a commercial instrument required stepwise increase in load and, thus, provisions for instrumental drift compensation had to be made. The need to use highly polar liquids, in which adhesion is extremely high, is also troublesome, because, as we have recently demonstrated [27] , the deviations of the measured adhesion from the predictions of contact mechanics can become severe at these high forces.
The experiments with the thiol SAMs on Au pointed to the dif culties of obtaining quantitative information on interfacial shear strength between organic functional groups in this system and the need to move to (1) at and smooth substrate / tip surfaces, (2) shorter sliding-loop paths and (3) higher quality friction measurements with simultaneous acquisition of the friction and load data. We addressed these issues by moving to a similar system of the SAMs on the surfaces of the silicon oxide (polished silicon substrates) and oxynitride (silicon nitride tips). Friction data were captured during a continuous sweep of the external load values by means of the AC technique originally described by Colchero et al. [28] . Figure 2 shows typical friction force (F) versus external load (L) curves obtained with silicon nitride tips and silicon samples coated by octadecyltrichlorosilane (OTS) monolayers (CH 3 -terminated). We used the same tip -sample pair to preserve geometrical constraints of the experimental setup and varied the surface energy by adjusting the properties of liquids. We have conducted a systematic study using a series of liquids with a varying degree of hydrogen-bonding ability (methanol/ water mixtures) [27] , so that the in uence of the liquid induced adhesion variation could be understood and quanti ed.
Friction between methyl terminated siloxane monolayers on oxide surfaces
As the amount of water in methanol gradually changes from 0 to 40 %, the pull-off force increases several-fold, and the friction force is detected at increasingly negative (tensile) loads. At the same time, the friction force measured at zero applied load also increases. However, if the contribution from the liquid displacement can be neglected, the liquid is excluded from the interface at which the energy dissipation due to friction takes place, and one expects friction forces at molecular scale (e.g. per SAMs unit cell or per functional group) to be independent of the surrounding medium under these conditions. Signi cantly, all the curves obtained under different conditions superimpose when plotted in the reduced coordinates (F =F 0 versus L=L 0 / due to the exclusion of the liquid from the contact zone (Fig. 3) . In this case, F 0 is the friction under zero applied load.
The non-linear shape of the F -L curve is characteristic of a single spherical asperity in contact with a at substrate. To treat the friction data quantitatively, we have to adopt an appropriate contact mechanics model [40] . The correct choice is determined by the extent of surface deformation with respect to intermolecular surface forces. For hard contacting surfaces in AFM experimental geometry, the Derjaguin-Muller -Toporov (DMT) [41] regime should apply [40] , although the results of the JKR model were found to apply in the case of blunt tips coated with soft metals [38, 39] . Since both silicon nitride and silicon are very stiff substrates (Young's moduli > 100 GPa), one expects that the DMT model should describe our results well. Indeed, the friction versus load curves can be tted by the DMT-type relationship between the contact area and external force (Fig. 3) :
The two models differ substantially in predicted contact area (the number of molecular contacts contributing to the overall interaction force), force of adhesion and surface pro le. However, it was demonstrated [42] by numerical calculations based on the Lennard-Jones (L -J) potential that the DMT and JKR results represented the opposite ends of the spectrum of outcomes depending on the magnitude of the non-dimensional parameter ¹ (the so-called Tabor elasticity parameter):
where z 0 is the equilibrium distance in the L -J potential. This parameter asserts the relative importance of the deformation under surface forces: for ¹ < 0:1 the DMT model is valid, for ¹ > 5 the JKR model applies. Using a z 0 value of 0.1 nm and reported [1] values of K ¼ 6:4 GPa for thiol monolayers on Au, ¹ is in the range of 2.9-4.2 (depending on the adopted value of the adhesion force) for the data obtained for CH 3 -terminated SAMs in water, clearly very close to the JKR regime. On the other hand, for the siloxane monolayers on silicon (K ¼ 10:3 GPa) [1] in methanol/ water mixtures we have ¹ D 0:5-0.9 (depending on the composition), clearly closer to the DMT regime. There is also an uncertainty regarding whether elastic constants of the tip and substrate materials should be used rather than those of the organic monolayers, although the experimental numbers used above seem to agree with the latter. If the K values for substrate materials are used (64.5 GPa for Au and 120 GPa for Si/ Si 3 N 4 /, ¹ is reduced to 0.7-1.0 and 0.1-0.2 for the above two systems of thiols on Au and siloxanes on Si/Si 3 N 4 , respectively, pointing to a transition case for CH 3 -terminated thiol SAMs in water and DMT regime for siloxane SAMs in water/ methanol mixtures. For the sphere-on-plane contact mechanics problem, self-consistent calculations based on a speci c potential (such as L -J) can be avoided by using the analytical solution produced by Maugis [43] . The Maugis model invoked the Dugdale approximation that the stress due to molecular attraction had a constant value ¾ 0 (theoretical stress) until a separation h 0 D W=¾ 0 was reached at the contact zone radius, whereupon it fell to zero. The dif culty with the Maugis-Dugdale (MD) theory is that it does not easily lend itself to tting the experimental data. Although the JKR model clearly failed in the case of the siloxane SAM system, we found no substantial improvements in the goodness of the t when performing nonlinear tting of our data to MD equations with different small values of ¹ (<0.2). Therefore, we will use the limiting case of DMT contact mechanics in the analysis of numerical values of the tted parameters.
From this kind of analysis, one can extract, in principle, the value of the interfacial shear strength. The knowledge of the tip radius, R, and effective elastic constant, K, of the composite Si 3 N 4 /OTS/OTS/Si system is needed, however. The tip radius can be determined from the imaging of sharp features such as those on the (305) surface of annealed SrTiO 3 [32] . However, the estimates of the elastic constants are less certain and, therefore, the data not requiring further assumptions in the interpretation are presented in the form of ¿ 0 =K 2=3 , which is suf cient for our purposes here, since the effective K remains constant for a xed tip -sample combination when the liquid is exchanged.
Data on the interfacial shear strength deduced from the ts to equation (2) for OTS surfaces in the methanol/ water mixtures are compiled in Table 1 and presented in Fig. 4 as a function of the measured adhesion force. Despite almost an order of magnitude change in the adhesion force, the frictional dissipative interactions are not affected. Thus, we may conclude that liquid (1) appears to be excluded from the contact zone and (2) has practically no effect on the interactions within that zone, i.e. the main effect of the liquid medium is to change the contact area between the tip and substrate surfaces. The change in adhesion interactions caused by the change in the interfacial chemistry, on the other hand, has been shown to affect frictional forces signi cantly [12, 14] . The fact that displacement of the liquid from the adjacent areas by the sliding tip does not contribute detectably to energy dissipation in our system does not necessarily extend to friction under liquids in all other systems. An apolar interface provided by the CH 3 -terminated SAM interacts with the liquid via dispersion forces and is not capable of forming strong directional bonds with the molecules of the liquid. However, the contribution of displacement of the liquid may become signi cant in the case of associating liquids forming a structured layer at the solid interface of high surface energy, for example, via hydrogen bonding. Further work on the single asperity friction in the strongly interacting systems will be needed to address this issue. 
Comparison of the interfacial shear strength of the SAMs under liquids and interfacial shear strengths in similar systems
The average value of ¿ 0 =K 2=3 D 2:15 § 0:22 Pa 1=3 for OTS monolayers is much lower than the values of 158 Pa 1=3 found between carbon lms (amorphous carbon and diamond) and amorphous carbon-coated Si tips and approaches 1.2 Pa 1=3 observed for the graphite-amorphous carbon interface [5] . This nding suggests that siloxane SAMs can be much more effective in reducing wearless friction than various vacuum-deposited carbon layers. Our ¿ 0 =K 2=3 values compare favorably with an independent interfacial force microscopy (IFM) study [1] of friction between a glass tip and the CH 3 -terminated thiol SAM on Au, where it was found ¿ 0 D 13:7 § 1:5 MPa or ¿ 0 =K 2=3 D 2:8 § 0:3 Pa 1=3 (with K D 11 GPa for the Au/SAM-glass case). If we use K values for SAMs experimentally determined in Ref. [1] with our data, we can calculate interfacial shear strength between CH 3 -terminated surfaces as 10:2 § 1:0 MPa for the siloxane SAM on Si (K D 10:3 GPa) and 16.7-35.5 MPa for the thiol SAM on Au (K D 6:4 GPa). We believe that the discrepancy is mostly due to the limited accuracy in the adopted calibration procedures and probe characterization, although a more direct comparison may be necessary to con rm this. In general, these values for organic surfaces of closelypacked crystalline SAMs are substantially lower than the interfacial shear strength typically observed between inorganic interfaces [2 -6, 17].
The friction experiments conducted with a scanning force microscope suffer from the inability to measure tip -sample relative displacement independently, unlike in the IFM setup [1] . Consequently, the elastic constants cannot be evaluated from these experiments and derivation of absolute values of ¿ 0 requires knowledge of the reliable values of elastic constants. The effective Young's modulus for a monolayer lm on a stiff substrate is dif cult to measure or to calculate, thus, scarce results for K values, such as those obtained from IFM studies, are very important. IFM-based Young's modulus of 8 GPa and 13 GPa for thiol and siloxane SAMs are very close to the range of 5-10 GPa expected for high-density polyethylene. Therefore, elastic properties of the contact are dominated by the soft ultrathin lm, rather than by the stiff substrate. This somewhat unexpected observation is consistent, however, with the theoretical model of the Hertzian (i.e. DMT-like) deformation of the thin lm on an elastic substrate by an elastic sphere [44] . The deviation of the contact area from that expected for the lm bulk material begins when the expected radius of the contact area, a, exceeds the lm thickness, t, i.e. t=a < 1. However, for large relative magnitudes of Young's moduli as in our systems, the deviation is approx. 10% for t=a D 0:1, but reaches approx. 30% for t=a D 0:01. With the above values of ¿ 0 , the ratio t=a changes from 0.5 to 0.2 for the data in Fig. 3 and from 0.3 to 0.2 for the data in Fig. 2 ; hence, contact-area changes in our experiments are dominated by the elastic properties of the SAMs. Therefore, the use of the low K is consistent with the observed magnitude of the friction force and the data are expected to be adequately described with a single K value and only a slight underestimation of ¿ 0 (as determined from the experimental ¿ 0 =K 2=3 ratio). Since friction measurements between surfaces modi ed by thin lms (including SAMs) are increasingly more common, additional experimental and theoretical (or numerical modeling) work is highly desirable to describe the effective elastic constants in these systems.
It is also instructive to compare our CFM results on interfacial shear strength values to recently reported macroscopic measurements with a sapphire ball-onthe-surface apparatus [45] . Since polished Si substrates were used in that work, a sphere-on-at contact appeared to be valid in that case, because, similarly to our experiments, the friction data could be tted to contact area predictions from the contact mechanics theories. The surface modi cation of the Si with the OTS monolayer and diamond-like carbon (DLC) con rmed a signi cant reduction in friction (more than an order of magnitude), with the DMT-like ts yielding ¿ 0 =K 2=3 of 0.073 and 0.50 Pa 1=3 for OTS and DLC-modi ed Si, correspondingly. The interfacial shear strength (in the form of ¿ 0 =K 2=3 values) found from these macroscopic tests, however, are almost two orders of magnitude lower than in the nanometer-scale single-asperity experiments described here and carried out by others [1, 5] . The observation of the much lower ¿ 0 =K 2=3 values is consistent with a lower true area of contact and, thus, with a multi-asperity contact, in spite of the microscopic atness of the Si substrate and in spite of the fact that, formally, the overall deformation could be described by an apparent sphere-on-at single contact.
CONCLUSIONS
Measurements of the friction forces between chemically-modi ed tips and samples under liquids strongly indicate that these experiments achieve a single-asperity contact. Changes in the contact area can be quantitatively described by the appropriate contact mechanics models, and interfacial shear strengths between organic functional groups can then be determined. The interfacial shear strength for CH 3 -terminated surfaces was independent of the overall adhesion force (surface free energy) when the adhesion level changed due to the variations in the liquid. The CFM results in liquids are in good agreement with the interfacial shear strength values determined for these systems in the gas environments using an interfacial force microscope. Therefore, changes in adhesion due to differences in the solid -liquid interfacial free energy, as measured by the CFM experiments, do not affect energy dissipation at the solid -solid interface, which apparently dominates friction forces in these systems. This point is extremely important for drawing correlations between adhesion and frictional forces in liquids for the chemically modi ed surfaces. Friction measurements using SAM samples prepared on polycrystalline gold surfaces suffer from imperfection of the substrate surface, which can prevent the experiments from revealing the single asperity nature of the probe-sample contact. Analysis of our results and available literature data also demonstrates that chemically attached organic monolayers are much more effective in reducing interfacial shear strength than various carbon (amorphous carbon, DLC and diamond) coatings.
